The epipolythiodioxopiperazines (eTPs) are fungal secondary metabolites proven to trigger both apoptotic and necrotic cell death of tumor cells. however, the underlying mechanism of their regulatory role in macroautophagy and the interplay between autophagy and apoptosis initiated by the eTPs, remain unexplored. in the current work, we found that 11'-deoxyverticillin A (c42), a member of the eTPs, induces autophagosome formation, accumulation of microtubuleassociated protein 1 light chain 3-ii (Lc3-ii) and degradation of sequestosome 1 (sQsTM1/p62). in addition, the Lc3-ii accrual and p62 degradation occur prior to caspase activation and coincide with PARP activation. inhibition of autophagy by either chemical inhibitors or by RNA interference single knockdown of essential autophagic genes partially reduces the cell death and the cleavage of both caspase 3 and PARP. Necrostatin-1, a specific inhibitor of necroptosis, inhibits both the augmentation of Lc3-ii and the cleavage of caspase 3, which was confirmed by depletion of receptor-interacting protein 1 (RiP-1), a crucial necrostatin-1-targeted adaptor kinase mediating cell death and survival. Moreover, inhibition of PARP by either chemical inhibitors or RNA interference provides obvious protection for cell viability and suppresses the Lc3-ii accretion caused by c42 treatment. interestingly, double silencing of Lc3 and p62 completely suppressed PARP cleavage and concurrently and maximally augmented the PAR formation induced by c42. collectively, we have demonstrated that c42 enhances the cellular autophagic process, which requires both PARP and RiP-1 participation, preceding and possibly augmenting, the caspase-dependent apoptotic cell death.
Introduction
Macroautophagy (hereafter referred to as autophagy) was originally described as a cellular adaptation to starvation involving the vesicular sequestration of long-lived cytoplasmic proteins and organelles such as mitochondria. 1, 2 The newly created doublemembrane autophagosome consequently fuses with lysosomes to form an autolysosome, in which the engulfed cytoplasmic material is hydrolyzed through the action of acid-dependent enzymes, ensuring that the amino acids and other macromolecular precursors can be recycled. 3 Although autophagy serves as a cell survival mechanism, if overactivated and allowed to go to excess, it will eventually lead to cell death by depletion of the cell's organelles and critical proteins. [4] [5] [6] Cell death plays essential roles in organ development, tissue homeostasis and degenerative diseases. Three major types of cell death have been described-apoptosis, 7 autophagy, 8, 9 and necrosis, 10, 11 based on their distinct cell morphology. The apoptotic cell death is characterized by the activation of caspases and formation of apoptotic bodies, 12, 13 whereas the autophagic one is differentiated by large-scale sequestration of portions of the cytoplasm in autophagosomes, giving the cell a characteristic vacuolated appearance.
14 Accumulating evidence suggests the existence of several molecular connections among apoptosis, autophagy and necrosis. [15] [16] [17] In response to specific perturbations, the same input signal can cause cells to change from one cell death manifestation to another, 17, 18 with a mixed type of cell death also observed in some cases. 19, 20 In those cells undergoing persistent autophagy, hallmarks of apoptosis, such as caspase activation, necrotic cell death, organelle swelling and plasma membrane rupture, are often observed. 21 In nutrient-deprived or growth factor-withdrawn cells, autophagy protects the cells and allows their survival by inhibiting apoptosis. 22 In the presence of caspase inhibitors, autophagy also protects the cells from caspase-independent death. 16 Depending on the cellular setting, the same proteins can regulate both autophagic and apoptotic processes. For example,
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colon carcinoma cell line HCT116 and adenocarcinoma colon cell lines SW480 and SW620. As shown in Figure 1A , C42 caused cell viability loss of HCT116 in a time-and concentration-dependent manner and similar inhibitory effects were also observed in SW480 and SW620 cells (Sup. Fig. 1A and B) . In addition, flow cytometry data indicated that the C42-induced cell death of HCT116 could be either apoptotic or necrotic (may be either necrosis or secondary necrosis) (Fig. 1B) .
Since the pan-caspase inhibitor Z-VAD-FMK (Z-V-FMK) can block caspase-dependent apoptosis, 36 we next examined the C42-dependent cell death in the presence of this inhibitor. Interestingly, pre-treatment of HCT116 (Fig. 1C) with the inhibitor provided only partial protection against C42-induced cell death. This finding was confirmed by colony growth in a survival assay, in which the inhibitor was nearly unable to rescue the C42-induced cell death (Fig. 1D) . Results from additional experiments confirmed that porcine aortic endothelial (PAE) cells overexpressing the anti-apoptotic protein Bcl-x L (Sup. -/-HCT116 cells lacking the pro-apoptotic protein p53 (Sup. Fig. 1D ) were both sensitive to C42, indicating that caspase-independent or non-apoptotic mechanisms also contribute to C42-induced cell death. In addition, we also found that 3-methyladenine (3-MA), a widely used inhibitor of autophagy, 37 inhibited the C42-induced cell death (Fig. 1E) . To investigate the relationship between autophagy and C42-dependent cell death, two known activators of autophagy, rapamycin and trehalose, were used to promote the cellular autophagic processes. 38, 39 As expected, the combination of either rapamycin or trehalose with C42 showed a measurable and more potent inhibitory effect on cell viability (Sup. Fig. 1E ) and both agents were able to attenuate cell viability by themselves, suggesting that enhanced autophagy may directly result in cell death (Sup. Fig. 1E ).
C42 enhances autophagy in colon cells. Electron microscopy, which is believed to be one of the most convincing approaches, 40 was used to determine whether C42 induces autophagy or not. Compared to the control, an obvious accrual of membrane vacuoles was found in the C42-treated HCT116 cells and cytosolic components or organelles were sequestered in some of those vacuoles. Autophagosome-like vacuoles with double-membrane structures (high magnification) and a segment of the doublemembrane being formed between a vacuole and mitochondrion (black arrowhead) were also observed ( Fig. 2A) . A swollen (white arrow) and degenerating mitochondrion (white arrow) and mitochondria inside of vacuole (black arrow) were also noted ( Fig.  2A and Sup. Fig. 2C ). In addition, characteristics of apoptosis, such as the condensation and margination of chromation on the nuclear membrane, were found in these cells ( Fig. 2A and white arrowhead), indicating that C42 induced autophagy and apoptosis in the same cell and directly induced the degradation of mitochondria. To further measure autophagosome formation in the C42-treated cells, HCT116 cells were transfected with a green fluorescent protein (GFP) and LC3 fusion protein (a specific marker of autophagosomes), 41 and visualized by confocal microscopy. In contrast to the C42-exposed cells, which showed increased punctate staining of GFP-LC3, GFP-LC3 staining p53, a potent inducer of apoptosis, also activates autophagy through its target gene, DRAM (damage-regulated modulator of autophagy). 23 Beclin 1, required for formation of the autophagic vesicle, also interacts with both Bcl-2 and Bcl-x L . 24 Calpainmediated cleavage of ATG5 is a critical pro-apoptotic event that enables the activation of caspase-dependent cell death. 25 Cho and Kim et al. have identified ATG6 as a link between apoptotic and autophagic cell death. 26 Induction of autophagy by ATG1 inhibits cell growth and induces apoptotic cell death. 27 It has been suggested that autophagy relates to apotosis by acting as a partner, an antagonist or an enabler of apoptosis depending on cell type, stimulus and environment. 28, 29 11'-deoxyverticillin A, a natural product isolated from the Cordyceps-colonizing fungus Gliocladium sp., 30 is a member of a class of fungal secondary metabolites known as epipolythiodioxopiperazines (ETPs). 31 The ETPs have been previously reported to have a broad range of biological activities including antimicrobial, antiparasitic, antiviral, immunosuppressive and/ or anti-inflammatory effects. 31 Gliotoxin is the first ETP reported and the best characterized one. Its toxicity to animal cell cultures has been studied extensively, and it is thought to be mediated in at least two ways: conjugation to, and consequent inactivation of, proteins with susceptible thiol residues and generation of reactive oxygen species (ROS) via redox cycling. 32 Results from previous studies have demonstrated that gliotoxin causes the apoptotic and necrotic death of animal cells. 31, 33 In one study, cell death caused by gliotoxin switched from apoptosis to necrosis at concentrations over 10 μM. 33 Leptosins, the ETPs isolated from a marine fungus, were cytotoxic to various tumor cells by inactivation of the Akt/protein kinase B pathway or by inhibition of DNA topoisomerases I and II. 34 Chen and Ding reported that in HCT-116 human colon cancer cells, either the p53 pathway or p38 MAPK signaling plays a role in mediation of 11,11'-dideoxyverticillin A induced G 2 /M arrest. 35 Although the above-mentioned natural products are cytotoxic against various tumor cells by inducing apoptosis or necrosis, their effects on the autophagic process have not been investigated. The purpose of this study is to understand the molecular mechanism for C42's cytotoxicity to human tumor cells by exploring the two major categories of cell death. We found that it induces formation of intracellular vacuoles in human colon carcinoma cells and enhances the molecular hallmarks of autophagy, such as LC3 processing and p62 degradation, while concomitantly activating caspases and leading to cleavage of PARP. Inhibition of PARP or RIP by either the chemical inhibitors or RNA interference knockdown reduces the LC3-II accrual, PARP activation and the cleavage of apoptotic hallmarks as well as cell death. Thus, activation of both PARP and RIP is required for C42-induced autophagy, which is closely associated with caspase-dependent cell death.
Results

11
'-deoxyverticillin A (C42) induces cell death of human colon cell lines which is partially inhibited by 3-MA. In this study, the C42-induced cell death was first examined using the human ©2 0 1 1 L a n d e s B i o s c i e n c e .
D o n o t d i s t r i b u t e .
(Sup. Fig. 2D ) and SW620 (Sup. Fig. 2E ) cells was analyzed. Treatment with C42 increased the ratio of LC3-II to actin relative to the controls in all the cells tested.
remained diffuse in the control cells (Fig. 2B) (p < 0.01). Since the ratio of LC3-II to actin is an accurate indicator of autophagy, 42 the expression of LC3-II in HCT116 (Fig. 2C) , SW480 with this known pathway, the phosphorylation state of mTOR and p70S6 kinase was examined. As expected, the phosphorylation of mTOR and p70S6K was attenuated in a concentrationdependent manner in response to the agent (Fig. 2D) . To detect Mammalian target of rapamycin (mTOR) inhibits autophagy and its kinase activity can be inferred by measuring the levels of phosphorylation of its substrates, such as p70S6 kinase. 43 To study whether or not C42-induced autophagy was associated Figure 2 . c42 induces accumulation of Lc3-ii and enhances autophagic flux. (A) electron microscopy was performed on vehicle-(ctrl) and c42-treated (0.25 μM, 6 h) hcT116 cells as described in Materials and Methods. White arrowheads: the condensation and margination of the chromatin on nuclear membrane; left of lower part: swollen and degenerating mitochondria (white arrows), a vacuole with mitochondria inside (black arrow), a segment of double-membrane structure between a vacuole and mitochondrion (black arrowhead); right of lower part: high-contrast image of the cell region indicated by white rectangle. (B) hcT116 cells were transfected with a plasmid expressing GFP-Lc3. After 24 h, the cells were incubated for 6 h at 37°c in DMeM medium with DMsO (ctrl) or c42 (0.25 μM). Following fixation, cells were stained with DAPi and visualized by confocal microscopy. The number of punctate GFP-Lc3 in each cell was counted, and at least 50 cells were included for each group. The data were normally distributed and statistically analyzed using one-way ANOVA. The double asterisk denotes the group is statistically different from the control groups (p < 0.01). hcT116 cells were treated with c42 (0.05-0.5 μM) for 12 h (c and D) or in the presence of Baf A1 (10 nM) (e) and cell lysates were prepared and analyzed by immunoblotting using the indicated antibodies. Densitometry was performed for quantification and the ratios of Lc3-ii, p62, phosphorylated mTOR and phosphorylated p70s6K (T389) to actin are presented below the blots. The ratios are representative of at least three independent experiments. and cell death and the overexpression of Bcl-x L rescues autophagosome formation. Notably, we were unable to observe a clear accumulation of LC3-II in C42-treated PAE-GFP cells (Sup. Fig. 3E ), which are more sensitive to the agent because their caspase 3 activation can be readily detected at an earlier stage (data not shown). We assume that C42 mainly activates the apoptosis pathway in those cells and hyperactivated apoptosis impairs autophagosome formation, whereas Bcl-x L and EGFR overexpression restore autophagy in C42-treated PAE cells. These findings provide supplementary evidence that C42-induced autophagy could be associated with the apoptotic process.
3-MA partially inhibits the C42-induced activation of both caspases and PARP. To explore the possible association of C42-induced autophagy with apoptosis, both inhibitors and enhancers of autophagy were evaluated in the following experiments. 3-MA ( Fig. 4A) inhibited (or delayed) cellular autophagy, whereas rapamycin (Sup. Fig. 4A ) and Z-V-FMK (Fig. 4C) promoted the process in the cells as evidenced by both LC3-II accrual and p62 degradation. Notably, 3-MA inhibited both the cleavage and autophagic flux, the level of LC3-II was measured in the presence of bafilomycin A1 (Baf A1), which acts as a specific inhibitor of the vacuolar type H + -ATPase in cells, thus blocking acidification of organelles and subsequent fusion of the autophagosome with the lysosome. 44 Baf A1 addition resulted in further accumulation of LC3-II in the cells tested (Fig. 2E) . Since p62/SQSTM1 is considered to be a selective substrate of autophagy and will be accumulated when autophagy is inhibited, 43 we also examined the levels of p62 upon challenge with C42. As shown in Figure 2C and Supplemental Figure 2D and E, the degradation of p62 induced by C42 was concentration-dependent, indicating that C42 actually enhances the autophagic process.
The mRNA level of LC3 was also measured by semiquantified RT-PCR and it was found that C42 increased the level only at 0.5 μM compared to the control. Nevertheless, the augmentation of LC3 mRNA is not significant and could be due to the reduced actin mRNA (Sup. Fig. 2F ). Therefore, C42 may affect the LC3 expression at high concentrations or at some time point via an unknown mechanism.
Autophagy induced by C42 precedes caspase activation. Caspase activation was examined to explore the interplay between autophagy and apoptosis upon C42 challenge of HCT116 cells. After 1 h of treatment, we found that C42 induced the accumulation of LC3-II and degradation of p62 in a time-and concentration-dependent manner (Fig. 3A) . Using antibodies against the early apoptosis hallmarks, 26, 29 caspase 9 and PARP-1, we noticed that LC3-II accrual and/or p62 degradation preceded the cleavage of caspases and PARP ( Fig. 3A and Sup. Fig. 3A and B). In contrast to caspase activation and PARP-1 cleavage detected at 4 h, the C42-induced formation of poly(ADP-ribose) (PAR) polymers appeared to occur concomitantly with the autophagic process from an early time-point of treatment (Fig. 3A) . PAR, a direct result of PARP-1 activation, is readily activated in response to DNA damage and well-associated with necrotic cell death. 10 Thus, we assume that C42, in addition to inducing caspase-dependent apoptosis, is also a powerful activator of PARP-1 and may induce caspase-independent or necrosis-like cell death in those cells if the stimulus is continually presented. On the other hand, activation of PARP is a cellular response to C42 stress and may be required for C42-induced autophagy. Results from additional experiment indicated that the mRNA level of PARP-1 is increased only at 0.5 μM of C42 as measured by semiquantified RT-PCR (Sup. Fig. 3C ).
In PAE cells (in which caspase 3 activation is easily detected compared to EGFR expressing cells), Bcl-x L overexpression attenuated the C42-induced caspase 3 cleavage (Fig. 3B) , but failed to block its activation (Sup. Fig. 3D ). Additionally, the forced overexpression of this anti-apoptotic protein showed no sign of affecting the C42-dependent LC3-II accumulation (Fig. 3B) . Thus, Bcl-x L alone is insufficient to prevent the caspase activation 
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activation of PARP (Fig. 4A and Sup. Fig. 4B ), whereas rapamycin showed opposite effects (Sup. Fig. 4A and C) . Moreover, the inhibitory effect of 3-MA on activation of caspase 3 was concentration-dependent ( Fig. 4B and Sup. Fig. 4E ). Interestingly, application of Z-V-FMK remarkably increased the LC3-II level in a dose-and time-dependent manner in both HCT116 and the PAE-Bcl-x L overexpressing cells ( Fig. 4C and Sup. Fig. 4E and  F) . Although Z-V-FMK induced accumulation of both p62 and LC3-II in a short time, it failed to block the drop of the C42-induced p62 level over an extended period (Fig. 4C and Sup. Fig. 4F ). In addition, we found that the presence of Z-V-FMK enhanced C42-induced PAR formation (Sup. Fig. 4D ). These findings suggest that this pan-caspase inhibitor could retard and transiently inhibit C42-induced autophagy in a short period but enhance the process in the long run, probably via a feedback mechanism. Under these circumstances, enhanced autophagy may directly lead to cell death or shift to caspase-independent apoptosis or necrosis-like cell death by hyperactivating PARP. Both PARP-1 and RIP play a role in the C42-induced autophagy. It is well known that hyperactivated PARP-1 causes depletion of NAD + and ATP, eventually leading to irreversible cellular energy failure and necrotic cell death. 10 In addition, recent studies have shown that PARP also participates in mediation of autophagy. 45 , 46 We also observed that the PARP activation concurred with the C42-dependent autophagy, implying that the activation of PARP may be required for the C42-induced autophagy. To explore PARP's regulatory role in the C42-triggered autophagy, both chemical inhibitor and RNA interference approaches were employed. The presence of 1,5-dihydroxyisoquinoline (ISO), a potent inhibitor of poly(ADP-ribose) synthetase, 47 provided apparent protection for the C42-treated cells in a concentration-dependent manner (Fig. 5A) . Upon treatment with 3-aminobenzamide (3-AB), an inhibitor of PARP-1, 48 a similar cell viability rescue was observed (Sup. Fig. 5A ). Pretreatment with ISO remarkably inhibited PAR formation and decreased LC3-II levels and caspase 3 activation induced by C42 (Fig. 5B and suggested that both RIP-1 and PARP-1 are implicated in the C42-induced autophagy, through which they may influence the caspase activation and cell death. RIP-3, a protein kinase with an N-terminal kinase domain similar to RIP-1, has been reported to participate in the mediation of apoptosis and necrosis. 51, 52 To test whether this kinase is also involved in the C42-dependent autophagy and apoptosis or not, RNA interference was performed in HCT116 cells. Abrogation of RIP-3 with siRNA revealed an inhibitory effect on the C42-induced LC3-II accumulation and PARP cleavage (Fig. 6A) . Interestingly, depletion of RIP-3 alone also increased the basal level of LC3-II, whereas abrogation of both RIP-1 and RIP-3 decreased both the basal and C42-induced LC3-II content (Fig. 6A and Sup. Fig. 5C ). Thus, RIP-1 and RIP-3 may coordinate in mediating the C42-dependent autophagic process.
Since ROS has been proven to mediate autophagy in multiple contexts and cell types, [53] [54] [55] [56] and the EPTs are capabe of generating ROS in the cell culture system, 32 C42 may affect autophagy via ROS production. To confirm this hypothesis, the widely used antioxidant, N-acetylcysteine (NAC), was used. As expected, NAC suppressed the C42-induced LC3-II accumulation and PARP cleavage (Fig. 6B) , suggesting that ROS mediates the C42-induced autophagy and apoptosis.
Knockdown of autophagy-related genes partially attenuates the C42-induced cleavage of caspase and PARP as well as cell death. To verify the association between the C42-dependent cell death and autophagy, siRNA was performed for the key autophagic genes LC3 and beclin 1. Knockdown of either LC3 or beclin 1 inhibited the accumulation of LC3-II and degradation of p62 (Fig. 7A) , confirming the interfering efficiency. Furthermore, the lack of expression of either LC3 or beclin 1 resulted in a partial decrease in cell death (Fig. 7B) , suggesting that autophagy is closely associated with or may augment, the C42-induced cell death. Notably, deletion of either LC3 or beclin 1 showed an inhibitory effect on PARP-1 cleavage, indicating that the C42-dependent autophagy is associated with caspase-dependent apoptosis (Fig. 7C and D and Sup. Fig. 6A ). Although we noticed that beclin 1 depletion usually affected the level of LC3, the LC3 knockdown cells often maintained a relatively high content of Beclin 1 in a cell-type-dependent manner (Fig. 7A and Sup. Fig. 6B ). The efficiency of siRNA could be the reason why the lack of beclin 1 exhibited a greater protective effect against the C42-induced cell death (Fig. 7B) . In addition, double-perturbation of LC3 and beclin 1 offered greater protection against the C42-induced cell death (Fig. 7B) . As expected, Sup. Fig. 5B ). Using a RNA interference approach, we found that knockdown of PARP-1 remarkably reduced the formation of PAR, the level of LC3-II and cleavage of PARP (Fig. 5C) . The remaining PAR, we assume, could be due to incomplete RNA interference or the activation of another PARP family member. Therefore, the activation of PARP contributes to the C42-induced autophagy.
Receptor-interacting protein (RIP), a protein with diverse functions, participates in the regulation of apoptosis, necrosis and autophagic cell death. 49 Application of Nec-1, a necroptosis inhibitor that blocks RIP kinase, 50 partially attenuated the C42-induced cell death, LC3-II accrual, caspase 3 cleavage and PARP activation ( Fig. 5A and B) . Abrogation of RIP-1 with siRNA showed a similar inhibitory effect on the aforementioned cleavage and activation (Fig. 5D) . Moreover, silencing either PARP-1 or RIP-1 provided partial, yet significant, protection for the C42-treated cells (p < 0.05) (Fig. 5E) . Notably, RIP-1 depletion also affected the basal level of LC3, but failed to reduce the total LC3 content compared to the control (Fig. 5D) . These findings
likely with the involvement of ATG5 in both processes. These findings are consistent with previous reports that, in addition to its canonical function in autophagy, ATG5 is connected to a pathway that activates the apoptotic cascade. Although p62/SQSTM1 is considered as a selective substrate of autophagy, as a multidomain protein it has been found to interact with LC3. 58, 59 Hence, the signaling adaptor p62 may actually participate in autophagy. Furthermore, p62 was reported to associate with the polyubiquitinated caspase 8 and trigger the extrinsic apoptosis pathway. 60 To examine whether p62 is involved in the C42-induced LC3 conversion and cell death, the cells were transfected with p62 siRNA. The singular perturbation of the p62 gene expression resulted in a decrease in LC3-II and cleavage of PARP (Fig. 8C) and resistance to the C42-triggered cell death (Fig. 8D) . To test whether the cell death in either the LC3-or beclin 1-depleted setting is due to the accrual of p62, LC3 and beclin 1 were each knocked down in combination with p62. Although singular knockdown of each gene offered significant protection for the cells, double-perturbation of LC3 and p62 or beclin 1 and p62, was unable to provide greater protection for the cells than p62 solitary silencing ( Fig. 9A and B) . Noticeably, the silencing of both LC3 and beclin 1 resulted in a greater inhibitory effect on PARP cleavage (Sup. Fig. 6A ) compared to the singular beclin 1 perturbation. These findings were further confirmed in the PAE-Bcl-x L cells (Sup. Fig. 6B and C) . In addition to inhibiting the activation of caspase 3, knockdown of either LC3 or beclin 1 also affected the amount of RIP, suggesting that RIP is closely associated with the autophagic process (Sup . Fig. 6B) .
ATG5 is an essential protein required for autophagy at the stage of autophagosome precursor synthesis and deletion of the ATG5 gene in yeast or mammalian cells usually blocks autophagy efficiently. 57 In addition, ATG5 has been observed to be implicated in the apoptotic process. 25 Therefore, the possible involvement of ATG5 in the C42-dependent cell death was also investigated. Indeed, silencing of the ATG5 gene with siRNA remarkably reduced both the basal and C42-stimulated accumulation of LC3-II (Fig. 8A) . The ATG5 lacking cells markedly decreased PARP-1 cleavage and were partially resistant to the C42-induced cell viability loss (Fig. 8A and B) . In addition, these cells were defective in PAR formation when exposed to C42. Therefore, we assumed that the C42-induced autophagy could be associated with either the caspase-dependent or -independent apoptosis, 
mediating the C42-dependent LC3 processing and participates in cell death under this scenario, which is consistent with a previous report on p62 in activating the caspase pathways. 60 Since knockdown of the autophagic genes cannot completely prevent the C42-induced cell death, we assume that blocking autophagy only temporarily slows down or delays caspase-dependent apoptosis and may switch the cell to caspase-independent or necrosislike death.
Discussion
Despite having long been recognized as the inducers of apoptosis and necrosis, the ETPs' roles in autophagy remain unclear and the interplay between different cell death pathways induced combined knockdown of LC3 and p62 offered a greater inhibitory effect on PARP-1 cleavage but resulted in the most increase in PAR formation (Fig. 9C) ; in contrast, double-depletion of beclin 1 and p62 did not show additional inhibition on PARP cleavage, but resulted in a higher suppression of PARP activation (at least in a short period) (Fig. 9D) . Although knockdown of either LC3 or beclin 1 inhibited the cleavage of PARP, they affected the activation of PARP in different manners (Fig. 9C  and D) . Unlike LC3, knockdown of beclin 1 alone or in combination with p62 may temporally inhibit the caspase-independent apoptotic or necrotic pathway. Notably, it seems that there is an inverse correlation between the C42-dependent PARP cleavage and activation under autophagy-defective circumstances. Taken together, the above findings suggest that p62 is involved in 
©2 0 1 1 L a n d e s B i o s c i e n c e . D o n o t d i s t r i b u t e .
have found that the activation of PARP plays a regulatory role in apoptosis induction, revealing that the PARP inhibitor 3-AB provides transient protection by switching necrosis to apoptosis in 1-methyl-3-nitro-1-nitrosoguanidinium (MNNG)-treated cells. In contrast to MNNG, preincubation with 3-AB results in decreased membrane blebbing and reduced formation of apoptotic bodies in melphalan-treated HL60 cells. 68 A recent study has shown that the inhibition of PARP-1 leads to prevention of the NAD + depletion and resistance against paclitaxel-induced caspase 3 activation and apoptotic cell death by activating the PtdIns3K/Akt pathway. 69 We have noted that the C42-induced formation of PAR was cell-type-dependent and the inhibition of PARP also yielded diverse results in a context-dependent manner. Nevertheless, perturbation of some autophagic genes obviously reduced the formation of PAR in all C42-treated cells, suggesting that autophagy may have a feedback effect on the activation of PARP. In other words, autophagy may also be involved in the C42-triggered caspase-independent or necrosis-like cell death.
The pan-caspase inhibitor Z-V-FMK can block apoptotic cell death, but enhance death receptor-mediated necrotic cell death. 62 Wu and Shen reported that autophagy plays a protective role in Z-V-FMK-induced necrotic cell death. 16 We found that Z-V-FMK alone increased the level of p62 but decreased that of LC3-II. However, it failed to block the C42-dependent degradation of p62. Therefore, we propose that Z-V-FMK enhances the C42-induced autophagic process, which may eventually lead to cell death. In addition, we assumed that, once the apoptotic pathway was inhibited, the cells would shift back to autophagic cell death. Furthermore, the overactivation of PARP caused by Z-V-FMK could switch the cells to caspase-independent or type III cell death upon treatment with C42.
Nec-1, a specific inhibitor of RIP-1 kinase, inhibits programmed necrosis (necroptosis). 50 Results from a recent study showed that the presence of Nec-1 shifts shikonin-induced necroptosis to apoptosis. 70 However, we found that Nec-1 only partially decreased the LC3-II content and inhibited caspase cleavage and PARP activation induced by C42. Reduced RIP-1 expression by RNAi also decreased the C42-induced LC3-II amount, PARP cleavage and cell death. Thus, C42 may act to directly affect autophagy, apoptosis and necrosis via the RIP-1 protein or the RIP-1 complex formed with other proteins, although the precise mechanism(s) remains to be elucidated. In other words, RIP-1 or its complex is required for C42-induced apoptosis and Nec-1 may indirectly inhibit caspase-dependent apoptosis via the RIP-1 kinase. These findings are consistent with the notion that RIP-1 is a diversified functional protein, participating in regulation of apoptosis, necrosis and autophagic cell death. 71, 72 One intriguing finding of this study is that suppression of autophagy by chemical inhibitors or RNAi knockdown of the critical autophagic genes only partially inhibits the cleavage and activation of PARP. Conversely, inhibition of PARP activation also affects the cellular autophagic process. Thus, these findings suggest that a close link among different types of cell death may exist. We further assume that there may be a transfer between different modes of cell death induced by C42, as knockdown by the ETPs has not been explored. In this study, the formation of autophagosomes was identified by fluorescence and electron microscopy upon treatment of the targeted cells with 11'-deoxyverticillin A (C42). The EM photographs revealed the presence of the autophagic vacuoles and the characteristics of apoptosis. The C42-induced autophagy was further confirmed by immunoblotting for lipidation of LC3 and by monitoring the autophagic flux and was found to be closely associated with the activation of caspases and PARP, consistent with the reports in the literature that the accumulation of autophagic vacuoles can occur before cell death. 61, 62 Our data demonstrated that the C42-induced autophagy preceded the caspase-dependent apoptosis in the cells tested. Inhibition of apoptosis enhanced the induction of autophagy markers but did not completely prevent the cell death from happening, whereas suppression of autophagy by chemical inhibitors or silencing the essential autophagic genes partially prevented or delayed the cleavage of caspases and PARP-1. Thus, we assumed that the C42-induced autophagy, once overactivated, could independently lead to cell death in addition to association with apoptotic cell death. We found that both PARP activation and RIP-1 expression were implicated in the C42-induced autophagic process, in agreement with previous reports in reference 45, 46 and 63. It is interesting to note that RIP-1 also plays a role in mediating the cleavage and activation of PARP caused by C42. We also found that RIP-3, another RIP kinase participating in mediation of apoptosis and necrosis, 51, 52 also played a role in the C42-dependent autophagy and apoptosis. Considering these results, we assume that both apoptosis and autophagy may cooperate to result in cell death.
As the founding member of the PARP family, 64 PARP-1 is implicated in the apoptotic pathway and its cleavage can be evaluated to confirm the activation of caspase 3. In addition, PARP-1 can convert β-nicotinamide adenine dinucleotide (NAD + ) to polymers of PAR, which participate in regulating nuclear homeostasis upon DNA damage stress. 65 Such damage can cause overactivation of PARP, leading to the depletion of intracellular NAD + , suppression of ATP production and finally, cell death, especially the necrotic cell death. 10 However, several studies have shown that PARP activation also occurs during apoptosis and inhibition of PAR formation impairs the activation of apoptotic machinery, resulting in release of apoptosis-inducing factor (AIF). 11, 63 Here, we clearly showed that both the PAR formation and C42-induced autophagy preceded the appearance of hallmarks of apoptosis and inhibitors of autophagy or silencing of essential autophagic genes suppressed both the cleavage and activation of PARP. Thus, autophagy apparently can act as a partner in the C42-dependent apoptotic cell death. Interestingly, chemical inhibition of PARP activation not only decreased the content of PAR, but also significantly attenuated caspase 3 activation, suggesting that the caspase-dependent and -independent apoptosis could be triggered by PARP overactivation upon stimulation by C42. Additionally, overactivated PARP induced by C42 could also cause the necrotic cell death. In HaCaT cells, inhibition of PARP influences the mode of sulfur mustardinduced cell death. 66 Induction of apoptosis by PARP inhibitors is also observed in HeLa cells. 67 Pogrebniak and Hasmann
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(2762). Anti-PAR (551813) and anti-RIP-1 (610458) antibody were purchased from BD Pharmingen; antibodies to β-actin (sc-1616), p62 (sc-28359), GFP (sc-81045) and Beclin 1 (sc-11427) were purchased from Santa Cruz Biotechnology. Anti-RIP-3 (ab56164) antibody was from Abcam. Plasmids and siRNAs. The GFP-LC3 plasmid is a kind gift of Dr. Tamotsu Yoshimori (Osaka University, Japan).
The siRNA specific for human MAP1LC3 (sc-43390), PARP-1 (sc-29437), RIP-1 (sc-36426), RIP-3 (sc-61482), ATG5 (sc-41445) and p62 (sc-29679) were purchased from Santa Cruz Biotechnology along with the control siRNA. siGENOME SMART pool BECN1 (Dharmacon, 8678) targeting beclin 1 was bought from Dharmacon.
Cell culture and western blot analysis. Standard single-cell cloning and G418 selection procedures were used to establish stable cell lines of porcine aortic endothelial cells, that express wild-type (WT) EGFR as described previously in reference 76. The WT GFP-EGFR-and GFP-Bcl-x L -expressing PAE cell lines were grown in F12 medium containing 10% fetal bovine serum, antibiotics and glutamine and supplemented with G418. The human adenocarcinoma of the colon cells SW480 were maintained in DMEM (HyClone, SH30022. 01B) supplemented with 10% fetal bovine serum (GIBCO, 16000), plus antibiotics. Human adenocarcinoma of the colon cells SW620 were maintained in RPMI-1640-medium (HyClone, SH30809. 01B), whereas human colon carcinoma cells HCT116 were grown in McCoy's 5A (KeyGEN, KGM5ASY) supplemented with FBS and antibiotics. Cells were split overnight and grown to 50% confluency before adding 11'-dideoxyverticillin A (C42).
For siRNA interference, cells were grown to 40% confluence in their respective medium without antibiotics and transfected using DharmaFECT (Dharmacon, T2001) according to the manufacturer's instructions. After transfection for 36 h, cells were directly treated with C42 without being split. Whole cell lysates were prepared with lysis using Triton X-100/glycerol buffer, which contained 50 mM Tris-HCl, pH 7.4, 4 mM EDTA, 2 mM EGTA and 1 mM dithiothreitol, supplemented with 1% Triton X-100 and protease inhibitors and then separated on a SDS-PAGE gel (15, 10 or 8% according to the molecular weights of the proteins of interest) and transferred to PVDF membrane. Western blotting was performed using appropriate primary antibodies and horseradish peroxidase-conjugated suitable secondary antibodies, followed by detection with enhanced chemiluminescence (Pierce Chemical, 34080).
Several x-ray films were analyzed to verify the linear range of the chemiluminescence signals and the quantifications were carried out using densitometry.
of both LC3 and p62 completely suppressed PARP cleavage and maximally augmented PAR formation. Accordingly, cell death may transfer from the caspase-dependent mode to caspase-independent apoptosis or necrosis under this scenario. Singular gene silencing merely provided the cell with partial protection, indicting that other related genes could have taken over the role to execute and complete the death process when one protein was missing and the stimulus continued to be presented. The above hypothesis was confirmed by combined gene silencing. Depletion of LC3 or beclin 1 usually concurred with defective degradation of p62, thus, the cells might utilize p62 to relay the death signaling in the continual presence of C42.
ROS are highly reactive oxygen free radicals or nonradical molecules generated by multiple mechanisms in cells and the nicotinamide adenine dinucleotide phosphate (NADPH) oxidases and mitochondria are their major cellular sources. 73 To date, ROS are widely recognized as being implicated in various biological functions and diseases. 74 Depending on the cellular context, ROS can either promote cell survival or cell death. 54 Growing evidence indicates that ROS control autophagy in multiple contexts and cell types and changes in ROS and autophagy regulation contribute to cancer commencement and development. [53] [54] [55] [56] Since the ETPs were reported to generate ROS via redox cycling, the regulatory effect of C42 on autophagy and apoptosis is likely to associate with those important signaling molecules. Therefore, understanding of the mechanisms of C42-induced autophagy via ROS generation will provide significant implications for development of the ETPs into therapeutic anticancer agents.
In summary, the ETPs are an interesting class of fungal toxins that inhibit farnesyl transferase, an enzyme required for normal functioning of the Ras oncogene. Compounds sharing such a property have been explored as putative anticancer agents. Here, we demonstrate that 11'-deoxyverticillin A (C42) can activate and enhance the cellular autophagic process in addition to triggering apoptosis. These results provide new insights into the function and the mode of action of C42, allowing us to further understand the molecular mechanisms by which C42 exerts its anticancer activity. Future work in this direction could yield valuable information in the development of these compounds into effective cancer therapeutic strategies through modulation of autophagy. according to the manufacturer's protocol and its integrity was confirmed by electrophoresis on ethidium bromide-stained 1% agarose gel. Total cellular RNA (1 μg) was reverse transcribed at 37°C for 15 min in 20 μl of PrimeScript TM RT reagent Kit (TaKaRa, DRR037A). Reactions were stopped by heat inactivation for 5 s at 85°C. Primer sequences used for amplification were as fellows: LC3 upstream primer, 5'-ATG CCG TCG GAG AAG ACC-3', downstream primer, 5'-TTA CAC TGA CAA TTT CAT CC-3'; PARP-1 upstream primer, 5'-CTA AAG GCT CAG AAC GAC C-3', downstream primer, 5'-GAA GGA GGG CAC CGA ACA-3'; β-actin upstream primer, 5'-GCC TGA CGG CCA GGT CAT CAC-3', downstream primer, 5'-CGG ATG TCC ACG TCA CAC TTC-3'. PCR reactions with LC3 primers were initiated with a 5 min denaturation at 95°C in a final volume of 20 μl. The cycle profile was 95°C, 60°C and 72°C for 30 s for up to 25 cycles. The PCR amplification products were determined in DNA agarose gels, which were photographed and quantitatively scanned using Photoshop software. The expression of β-actin was used as the internal control.
Materials and Methods
Chemicals and antibodies. 11'-Deoxyverticillin
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Cell proliferation assay (MTS). Cells were plated in 96-well plates (10,000 cells per well) in 100 μl complete culture medium. After overnight culture, the medium was replaced with complete medium that was either drug-free or contained C42 or other chemicals. The cells were cultured for various periods and cellular viability was determined with CellTiter 96 ® Aqueous NonRadioactive Cell Proliferation Assay (G1111, Promega).
For siRNA, each well was plated with 5,000 cells. After 36 h of transfection, C42 was directly added to the cells and cellular viability was determined.
Flow cytometry assay. HCT116 cells were treated with C42 (0.25 and 0.5 μM, respectively), trypsinized and harvested (keeping all floating cells), washed with PBS buffer, followed by incubating with a fluorescein isothiocyanate-labeled annexin V (FITC) and propidium iodide (PI) according to the instructions of an Annexin-V-FITC Apoptosis Detection Kit (Biovision Inc., K101-100) and analyzed by flow cytometry (FACSAria, Becton Dickinson). Percentages of the cells with annnexin V-positive and PI-negative stainings were considered as apoptotic, whereas PI-positive staining was considered to be necrotic.
Colony growth assay. Cells were treated with C42 for 6 h, split, seeded at 300 cells/ml and cultured for two weeks to allow colony growth of surviving cells.
Fluorescence microscopy. HCT116 cells were transfected with the GFP-LC3 expressing plasmid and after 24 h, cells were treated with C42, the fluorescence of GFP-LC3 was viewed and the images were acquired via confocal microscopy (Leica, TCS SP5).
Electron microscopy. Electron microscopy was performed as described previously in reference 77. Briefly, HCT116 cell samples were washed three times with PBS, trypsinized and collected by centrifuging. The cell pellets were fixed with 4% paraformaldehyde overnight at 4°C, post-fixed with 1% OsO 4 in cacodylate buffer at room temperature for 1 h and dehydrated stepwise with ethanol. The dehydrated pellets were rinsed with propylene oxide for 30 min and then embedded in Spurr resin for sectioning. Images of thin sections were observed under a transmission electron microscope (JEM1230, Tokyo, Japan).
RNA extraction and RT-PCR analysis. Total cellular RNA was extracted using TRIzol reagent (Invitrogen, 15596-018) 
